Summary Quercus petraea (Matt.) Liebl. and Q. robur L. hybridize frequently and occupy similar, though distinct, ecological niches. So far, genetic discrimination between these species at the molecular level has been based mainly on neutral markers. Because such markers often exhibit low species differentiation because of high genetic compatibility and exchange between Q. robur and Q. petraea at these loci, we used adaptation-related expressed genes as markers. Accordingly, we identified osmotic-stress-induced genes in a Q. petraea cell line grown under moderate osmotic stress conditions. Two subtraction libraries were established from callus cells cultured under hyperosmotic stress for 1 or 48 h. Thirty-three differentially expressed sequence tags (ESTs) (from 70 originally isolated) were classified according to their putative functions. At least five of these gene products may contribute to osmoticstress tolerance in oak: betaine aldehyde dehydrogenase, two trans-acting transcription factors (one abscsic acid (ABA)-responsive, the other ABA-independent), a glutathione-Stransferase and a heat-shock cognate protein. Seven genes were selected based on their putative function and their expression monitored in vivo. Leaf tissue from Q. petraea and Q. robur plantlets grown hydroponically under hyperosmotic conditions was harvested after 0, 1, 6, 24 or 72 h and analyzed by real-time polymerase chain reaction (PCR). We found indications of osmotic stress adaptation in Q. petraea based on up-regulation of genes related to protective functions, whereas down-regulation of these genes was evident in Q. robur. Thus, genetic markers related to adaptive traits may be useful for differentiating Q. petraea and Q. robur genotypes.
Introduction
The sympatric white oaks Quercus petraea (Matt.) Liebl. (sessile oak) and Q. robur L. (pedunculate oak) represent discrete genetic entities, despite their ability to hybridize (Muir et al. 2000) . In distinct geographical areas, they even share the maternally inherited chloroplast genome (Dumolin-Lapègue et al. 1999) . Thus sessile oak and pedunculate oak are genetically closely related, and most molecular markers identified so far show little or no species differentiation (Petit et al. 1993 , Samuel et al. 1995 , Mariette et al. 2002 , although a few molecular markers exhibit high species differentiation (Bodénès et al. 1997 , Gömöry 2000 .
The preference of species within this genus for distinct microclimatic conditions implies a physiological adaptive force. Sessile oak grows predominantly on relatively dry soils on lower altitude slopes and ridges, whereas pedunculate oak can populate heavy, temporarily waterlogged lowland soils (Aas 1998) . Several types of physiological function involving genes responsible for osmotic regulation of the cell could be responsible for the contrasting adaptations of sessile oak and pedunculate oak to dry and wet environments, respectively. Osmotic adjustment is an important acclimation response of plants to environmental change and to water deficit in particular. The inheritance of capacity for osmotic adjustment is likely to be complex and multigenic.
Numerous osmotic-stress-related genes from plants have been characterized by: (1) large-scale analyses of differential expression patterns (Bray 2002 , Rabbani et al. 2003 ; (2) analysis of a global expression profile monitored under salt-stress conditions using abundance profiles in several species ; and (3) small-scale analysis of differentially expressed genes obtained by subtraction methods (Pih et al. 1997 ). Functions of osmotic-stress-related genes include osmoprotection, water and ion transport, freeradical scavenging, chaperone activity, signal transduction, transcription control, protein synthesis and energy metabolism. Gene products that are prominently expressed during water-deficit stress include enzymes of sugar metabolism (Garcia et al. 1997) , quaternary amine biosynthesis (Ishitani et al. 1995) and amino acid metabolism (Delauney and Verma 1993 , Liu and Zhu 1997 , Sofo et al. 2004 . These proteins are involved in redox metabolism (Roxas et al. 1997) , fulfill several protective functions and act as chaperones (Ried and Walker-Simmons 1993, Moons et al. 1995 , Xu et al. 1996 , Borovskii et al. 2002 , Sun et al. 2002 . They also protect the cell from oxidative and chemical damage (Churin et al. 1999) , take part in vacuolar biogenesis and function (Blumwald 2000) , signal transduction and control of gene expression (Burssens et al. 2000 , Mikolajczyk et al. 2000 , Xiong et al. 2002 , Shen et al. 2003 , and proteolysis (Koizumi et al. 1993) . Additionally, several transcripts with similarity to proteins of unknown functions (Hurkman and Tanaka 1996) or to virtual proteins , Seki et al. 2001 , Bray 2002 ) have been detected.
Attempts to delineate a signal transduction pathway for salt or drought stress in plants have failed, however, because too few components have been identified (Zhu 2002) . In this respect, much less is known about gene expression in trees than in Arabidopsis (Xiong et al. 1999 , Seki et al. 2001 , Kreps et al. 2002 , Yamaguchi-Shinozaki et al. 2002 or crop cultivars (Kawasaki et al. 2001 , Patnaik and Khurana 2001 , Sharma and Lavanya 2002 , Cooper et al. 2003 , Rabbani et al. 2003 . Apart from a recent survey to identify differentially expressed genes in water-stressed maritime pine (Pinus pinaster Ait.) (Dubos et al. 2003) , there is little information about the genes involved in the tolerance of tree species to unfavorable environmental conditions such as drought.
To gain an understanding of the difference in the molecular level responses of Q. petraea and Q. robur to changes in osmotic environment, we used gene expression profiling based on adaptive traits. We identified osmotic-stress-induced genes from Q. petraea callus cells cultured under moderate stress conditions by subtractive hybridization. We then analyzed the expression profiles of a selected set of genes in response to osmotic stress in hydroponically grown plantlets of Q. robur and Q. petraea by real-time quantitative polymerase chain reaction (qPCR). To reveal potentially different responses of the two species to the imposed osmotic stress and thus find a basis for species differentiation, we compared the expression of the genes at each sampling time between species, and also related the expression values to those in control plants.
Materials and methods

Oak cell culture
Cell suspension cultures originating from Q. petraea callus (Endemann and Wilhelm 1999) were grown in Erlenmeyer flasks with continuous shaking in an environmentally controlled chamber set to provide a 16-h photoperiod with 65 -70 µmol m -2 s -1 of illumination and a constant temperature of 24°C. Control cell cultures (K) were grown in P24 medium containing the concentration of salts described by Teasdale (1992) (hereafter P24-S medium), whereas hyperosmotically treated cells were grown in P24 medium containing four times the concentration of salts (hereafter P24-4S medium) for 1 h (1T) or for 2 days (2T).
Isolation of polyA
+ RNA and cDNA library construction Total RNA was extracted from plant tissue by the guanidium thiocyanate/lithium chloride method (Gao et al. 1995) . Poly A + RNA was purified with Oligo-dT-labeled magnetic Dynabeads (Dynal No. 610.02, Dynal Biotech, Oslo, Norway) . The cDNA libraries were constructed from the 1T and the 2T cell cultures using the SMART PCR cDNA Library Construction Kit (Clontech Laboratories, Palo Alto, CA) according to the manufacturer's instructions. After cDNA size fractionation on a CHROMA SPIN-400 column (BD Biosciences Clontech, Mountain View, CA) to exclude molecules < 500 bp, the double-stranded cDNA was ligated into the λTriplEx2 vector. Ligations were subsequently packaged into λ bacteriophage using the Boehringer Mannheim DNA Packaging Kit (Boehringer Mannheim, Mannheim, Germany). The titers of the non-amplified libraries were 8.9 × 10 6 pfu ml -1 (1T) and 8.4 × 10 6 pfu ml -1 (2T), respectively.
Construction of subtraction libraries
Subtractive hybridization was carried out with the PCR-Select cDNA Subtraction Kit (Clontech) according to the protocol provided. Two kinds of subtractions were performed: (1) forward subtraction with the two tester samples (1T cDNA and 2T cDNA) and the control (K cDNA) as the driver sample; and (2) reverse subtraction with the control (K cDNA) as tester and the two induced samples (1T cDNA and 2T cDNA) as driver samples. Subtractive libraries (SLs) were constructed with 1TS and 2TS amplification products using the Advantage PCR Cloning Kit (Clontech). Positive clones were identified by PCR reactions using nested primers provided with the Subtraction kit. The clones containing inserts were stored on masterplates representing the subtractive libraries SL1T and SL2T, respectively.
Identification of differentially expressed ESTs
The differential screening procedure was carried out according to instructions provided with the PCR-Select Differential Screening Kit (Clontech). Complementer DNA dot blots representing the corresponding subtracted libraries were prepared by dotting 5 µl of the PCR product from each individual forward-subtracted clone onto Hybond-N nylon membranes. Four identical nylon filters were prepared from each subtracted library (see Figure 1 ). Products from secondary PCR of the forward-and reverse-subtracted and of the non-subtracted cDNAs were labeled with ( 32 P) dCTP (Prime-It II Random Primer Kit, Stratagene, La Jolla, CA) and used as hybridization probes. Clones showing differential hybridization were sequenced by the cycle sequencing reaction (BigDye Terminator Cycle Sequencing Ready Reaction Kit, Applied Biosystems, Foster City, CA).
Library screening for full-length cDNAs
The full-length mRNAs of the 1T9 and 1T62 clones were obtained by isotope screening, as described by Sambrook et al. (1989) . The remaining SL clones were extended at the 5′ and 3′ ends to full length by PCR amplification of total DNA extracts of the cDNA libraries using outward primers nested in the SL fragment and the TriplEx sequencing primers. Available sequences of the corresponding ESTs were used to design primers with the OLIGO primer analysis software Version 5.0 (data not shown). We used the Advantage cDNA Polymerase Kit (Clontech) and applied the recommended cycling parameters, except for the specific annealing temperatures and a final extension step of 5 min at 72°C, for long-distance PCR. Those PCR products that showed single bands on an agarose gel (2-2.5%) stained with ethidium bromide were subsequently purified with the QIAGEN gel purification kit (QIAGEN, Hilden, Germany) and sequenced directly. The PCR products showing multiple banding patterns on the gel were subjected to T/A cloning with Invitrogen's TOPO cloning kit (Invitrogen, Groningen, Netherlands) before sequencing. Sequencing reactions as well as sequence analysis were performed as previously described. The resulting 5′ and 3′ end sequence fragments of a specific cDNA clone were added contiguously to the corresponding EST sequence with the DNASIS 2.5 contig manager application (Hitachi Software Engineering, Tokyo, Japan, 1994 . The putative full-length sequences of the cDNA clones were annotated with BLASTX available at the NCBI server.
Growth of plants and sample collection
The experimental material consisted of seedlings grown from acorns (eight mother trees) originating from a natural mixed Q. robur-Q. petraea stand (Sigmundsherberg, Austria) and plantlets originating from somatic embryo culture (Q. robur genotype P28H9; Prewein and Wilhelm 2003) . Germination of acorns was forced by incubating them in tap water heated to 41°C for 3 to 4 h before sowing on washed quartz sand. Germination trays were covered with plastic foil with access to fresh air and watered with tap water. Quercus robur plantlets were grown under the same greenhouse conditions as the seedlings. Fourteen-week-old seedlings were transferred to a hydroponic system that consisted of closed Curver/Rubbermaid boxes equipped with an automatic air supply. The box lids were perforated to allow insertion of the plantlets (each plant was fixed in position with a stopper made of cling film). The two species were equally represented in each sample set. The plantlets were first allowed to equilibrate for 4 weeks in P24-S medium. This medium (osmotic potential, Ψ π = -0.077 MPa) consisted only of the macro and micro elements and iron compounds in Milli-Q water (Millipore, Billerica, MA), adjusted to pH 5.9, and subsequently autoclaved. Plants were grown in a controlled environment chamber set at a constant temperature of 22°C and a 14-h photoperiod with quantum flux of about 50 µmol m -2 s -1 . The P24-S medium was renewed weekly during the acclimation period.
After acclimation, the plants were subjected to osmotic stress for 0, 1, 6, 24 or 72 h by replacing the P24-S medium with P24-4S medium (Ψ π = -0.283 MPa) at 1100 h on Day 1. Sample collection was started at 1000 h on Day 1, 1 h before the start of the osmotic stress treatment. Additional samples were taken at 1200 h (treatment time 1 h), 1700 h (treatment time 6 h), 1100 h the next day (treatment time 24 h), and Day 4 at 1100 h (sampling time 72 h). Leaf samples were collected with a sterile scalpel and immediately submerged in RNAlater solution (Ambion, Austin, TX), incubated overnight at 4°C and subsequently frozen at -20 °C.
Isolation of RNA and relative quantification of target genes
Leaves were ground in liquid nitrogen with a mortar and pestle and total RNA was isolated from the ground material with the RNeasy Plant Mini Kit (QIAGEN). Contaminating DNA was removed enzymatically with DNA-free (Ambion, Austin, TX). The amount of RNA was determined spectrophotometrically (260/280 nm), and its purity and integrity checked on an RNase-free 1% agarose gel. A two-step qPCR was performed. In the first step, the required template (first strand cDNA) was synthesized by reverse transcription (RT) using about 1 µg total RNA, SuperScript II RTase and oligo (dT) primers (Invitrogen). The RT reaction mix was diluted 10× to reduce the inhibitory effects of the RT buffer system. For qPCR, we applied SybrGreen I Dye, an intercalatory fluorescent dye (including the passive reference ROX), and a PE 5700 fluorescencebased detection system (Applied Biosystems). In a 25-µl reaction volume, we used 10.5 µl of primer-pair mix (primer concentration: 300/300 nmol), 12.5 µl of dye and 2 µl of cDNA. Reactions were performed according to the manufacturer's protocol, except that sample reactions were set up in triplicate.
Seven transcripts osmotically induced in oak callus cells (Table 1) were selected to monitor their expression profiles. Four genes (hsp80, GST, BADH and DPBF) were selected according to their known functions in enhancing stress tolerance (Saneoka et al. 1995 , Holmstrom et al. 2000 , Roxas et al. 2000 , Uno et al. 2000 , Sun et al. 2002 . To monitor putative changes in energy metabolism, the thiazole biosynthetic enzyme was selected. We selected lipid transfer protein (LTP) as a representative of gene products that are frequently induced by osmotic stress , Seki et al. 2001 , and we chose a putative member of the oxygenase gene family 2-oxoglutarate (2-OG) because this gene family is thought to have a wide range of functions. The β-tubulin gene of oak (Est172ma), based on a partial coding sequence (GenBank Accession No. CF369288), served as an internal standard to normalize differences in template amounts (van Wees et al. 2000, Zhang and Gurr 2001) . Target sequences between 100 and 120 bp were designed using Primer Express software for primer design following the manufacturer's instructions (Table 2). Quantification analysis was carried out according to Pfaffl (2002) and the User Bulletin No. 2 ABI Prism 7700 Sequence Detection System (relative quantification of gene expression) using the threshold cycle method (C t ) and a fluorescence level of 10 -1 . In total, 27 plantlets (representing the genotypes of maternal half sibs from the eight mother trees and the genotype of one in vitro line) were analyzed by qPCR to monitor gene expression in Q. petraea and Q. robur. For the control and Day 1 samples, 40% Q. petraea and 60% Q. robur phenotypes were available. For investigating plantlets after 1 h, 6 h and 3 days of osmotic stress treatment, the numerical proportion of phenotypes was 1:1. Relative expression ratios for each species were determined by relating C t values derived from stressed plantlets of this species to the respective physiological reference of the same species (see below). Additionally, the expression of Q. petraea (sample) was compared with that of Q. robur (control) at the five sampling times.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PORTH, KOCH, BERENYI, BURG AND BURG TREE PHYSIOLOGY VOLUME 25, 2005 Table 1 . Thirty-three osmoregulated transcripts from Quercus petraea callus cells cultured for 1 h (1T) or 2 days (2T) in hyperosmotic P24-4S medium and isolated by subtractive hybridization and differential screening. Abbreviations: EST = expressed sequence tag; BS = biosynthesis; CH = chaperone; CK = cytokinesis; CO = cellular organization; EM = energy metabolism; OS = oxidative stress; PD = protein destination; PS = protein synthesis; RF = regulatory function; TF = transport facilitation; TS = transcription; UC = unclassified; and UK = unknown.
Osmotic Clone classification as described in Results.
Continued overleaf
Statistical analysis
Relative quantification analysis was performed with the relative expression software tool REST (Pfaffl et al. 2002) , allowing group-wise comparison and statistical evaluation of data by means of a pairwise reallocation test. The mathematical model in REST used to calculate the relative expression ratio is:
It is based on the mean threshold cycle deviation (∆C t ) of a control and a sample, normalized by a reference transcript and includes a real-time PCR efficiency correction (E) E = 10 -1/k , where k represents the slope of the standard curve. The expression ratios for the seven transcripts obtained at the different sampling times were tested for significance by performing 10 4 randomizations with the pairwise reallocation test of REST.
The absolute expression (C t values) of β-tubulin was somewhat variable. The variability was independent of the species and experimental conditions but dependent on certain extracts/individuals. The expression ratio for Q. robur/Q. petraea was below two (1.9) and in no case significant (P = 0.431). The PCR efficiency for β-tubulin amplification was 92%. The C t values were 32.6 for Q. petraea and 30.2 for Q. robur because the calculated regression line included all experiments and individual samples. Therefore, although there was some variation in the absolute values, this may not reflect significant regulation of the expression of the β-tubulin gene, to which we related the expression of our target genes. However, for qPCR, the correction for any variation in the amount of starting material between samples is relevant when samples were obtained from different individuals.
The REST software tool allows for group-wise comparison for more samples in an experimental trial. Moreover, the randomization test makes no assumptions about distributions of measured gene expression (except for random allocation to control and treatment groups) and thus accounts for the observed variances in gene expression measurements, when normal distributions are not expected (Pfaffl et al. 2002) . Hence, significant expression ratios for the investigated genes would be observed between 7.2 for down-regulation and 6.3 for up-regulation when comparing the species directly at each single sampling time, and between 18.5 for down-regulation and 4.5 for up-regulation when comparing the species over the time course (see Figures 2 and 3) . These values greatly exceed the variation in β-tubulin gene expression.
Results
Osmotic-stress-induced genes
The subtractive hybridization technique identified differences in gene expression between Q. petraea cell suspensions cultured under osmotic stress and control conditions. Originally, the isolated gene fragments (ESTs) yielded average sequences TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 1 of about 520 bp, ranging from 200 to 1200 bp. According to their hybridization patterns, clones were classified into three groups ( Figure 1 ): (1) clones that hybridized to the forwardsubtracted probe but not to the reverse-subtracted probe; these clones represented the 42 putative osmo-induced genes; (2) 24 clones that hybridized both to the forward-and reverse-subtracted cDNA but showed a stronger hybridization signal with the forward subtracted probe (these clones were analyzed further on virtual Northern blots to determine the nature of this pattern); and (3) four clones that hybridized both to the forward-and reverse-subtracted cDNA but exhibited a stronger hybridization signal with the reverse-subtracted probe; these clones represented the four down-regulated genes (including 1T11 and 1T34). Thus, 65% of the originally isolated 107 SL clones were differentially expressed (Figure 1 ). In the SL1T and SL2T libraries, 47% (34) and 41% (14) of the clones were induced, respectively, whereas two clones per library were identified as down-regulated. Only the clones listed in Table 1 were further analyzed. Sequence comparison of the 33 newly isolated osmoticstress-induced genes of oak using BLASTX showed homologies to various proteins (Table 1) . Best homologies of our transcripts were found exclusively for plant gene products.
Additional sequence information on both the 3′ and 5′ ends was obtained for 24 ESTs, and one clone was isolated as a full-length cDNA, thus, altogether, 25 cDNAs were putatively full length (Table 1 ). The analyzed ESTs were related to the following functional categories: (1) protein synthesis machinery (six ribosomal proteins identified), (2) protein destination (ubiquitin) and chaperonins (heat-shock cognate protein), (3) cellular organization (LTP, fiddlehead protein), (4) oxidative stress (glutathione-S-transferase; GST), cytokinesis (kinetochore protein), (5) transcription (Dc3 promoter-binding factor, dehydration-responsive element binding protein) and (5a) other regulatory functions (TGF β-inducible protein, eukaryotic translation initiation factor), (6) transport facilitation (inner membrane translocase subunit), (7) energy metabolism (pyruvate kinase, thiazole biosynthetic enzyme, NAD-dependent malate dehydrogenase, ketol-acid reductoisomerase, NADHubiquinone oxidoreductase, triosephosphate isomerase), (7a) other biosynthetic functions (betaine aldehyde dehydrogenase (BADH), oxidoreductase/oxygenase gene family) and (8) unclassified (noduline gene mtN19, endochitinase).
Gene expression
To investigate the osmoregulated expression of genes identified in Q. petraea cell cultures in vivo, we subjected plantlets of Q. petraea and Q. robur to hyperosmotic stress in a hydroponic system and monitored the expression profiles of seven genes, which were selected based on homologies and putative functions in osmotic stress (see Table 1 ), by real-time qPCR after 0, 1, 6, 24 and 72 h of treatment (Figure 2 ).
Time course of gene expression
We related gene expression after various treatment times to that obtained before the imposition of the hyperosmotic treatment (zero time). As shown in Figure 2 , the seven selected genes were significantly up-regulated (0.001 ≤ P ≤ 0.05) in response to the P24-4S treatment. Generally, significant up-regulation was observed more frequently in Q. petraea (thiazole biosynthetic enzyme (1 h), LTP (24 h), heat shock protein (24 h), BADH (1 and 24 h), oxidoreductase (24 and 72 h), glutathione-S-transferase (24 h)) than in Q. robur (thiazole biosynthetic enzyme (1 h)) (Figure 2) . In Q. robur plantlets, for example, expression of BADH was down-regulated significantly at three sampling times: 1 h (two times), 6 h (nine times; P = 0.002) and 72 h (four times; P = 0.007), whereas in Q. petraea plantlets, BADH expression was significantly upregulated at two sampling times: 1 h (4.5 times) and 24 h (Figure 2e) . No up-regulation of gene expression was observed in either species at 6 h after the onset of the P24-4S treatment (Figure 2) .
Expression of the investigated transcripts did not increase smoothly with increasing time of hyperosmotic treatment (Figure 2) . For example, the gene coding for thiazole biosynthetic enzyme was significantly up-regulated after 1 h of hyperosmotic treatment in both Q. petraea (P = 0.004) and Q. robur (P = 0.031), whereas the gene coding for BADH was significantly up-regulated after 1 h of hyperosmotic treatment in Q. petraea (P = 0.006) and significantly down-regulated in Q. robur (P = 0.023). Thus, at 1 h after stress induction, the absolute difference in expression between sessile and pedunculate oak (relative to the respective controls) was twofold for thiazole biosynthetic enzyme and more than ninefold for BADH. Expression of these genes decreased during the subsequent 5 h of treatment (Figures 2a and 2e) -341F  CCGGTAGCATCTCTGGACTTA  1T9-458R  ACCTCTCACTTCACGTTTTTGCA  1T57  1T57-434F  GGTGGATGTAAGCAAAGCTGTCT  1T57-534R  AACATCACATTGTAGGCTGAAGCA  1T62  1T62-975F  AAGGCTTTTCAGGCAGGAATAGTTT 1T62-1097R  GTTTTCAATTCCCCATTCCCCTAATT  2T11  2T11-513F  CTATTGGCTCACATGGATGCAA  2T11-615R  AGAGCATTGACCCATGAGAGAAA  2T13  2T13L-305F  GCACTGCCAATCTCAGAGATGA  2T13L-405R  AAGCCCATCGAGGTAACTGATG  2T14  2T14-897F  GGATGCCATTGTGAGGCTTACTA  2T14-1001R  CCAAATGTGGGTCCCATTCTTG  2T33  2T33-1189F  GATTCTGAGGACCTTCCTCTCA  2T33-1290R  GAGCTCAATGCACTTCTTAACCAAATT  Est172ma Est172ma-420F GCCATTACACTGAAGGAGCTGA Est172ma-499R GTGACACACTTGAAACCCTTGC again between 6 and 24 h after imposition of osmotic stress. At the 24-h sampling, expression of the BADH transcript was up-regulated 1.6 times in Q. petraea (P = 0.001) (Figure 2e ). Transcripts that showed a 24-h delay in response to the stress treatment included LTP (Q. petraea), GST (Q. petraea), oxidoreductase (Q. petraea) and heat-shock protein (Q. petraea) (Figures 2b, 2f, 2c and 2d, respectively) . One day after imposition of osmotic stress in Q. petraea plantlets, up-regulation of LTP was 1.7 times (P = 0.002), GST 1.9 times (P = 0.001), oxidoreductase 2.9 times (P = 0.001) and heat-shock protein 80 was 2.0 times (P = 0.001) that in the control group. The oxidoreductase gene still showed elevated expression in Q. petraea after 72 h of treatment (P = 0.041), whereas expression was down-regulated in Q. robur (P = 0.001) and 17 times less than in Q. petraea (Figure 2c ). After 6 h of osmotic treatment, GST and abscisic acid (ABA)-responsive element-binding factor transcripts were down-regulated in both Q. petraea (GST, P = 0.001 and ABA-responsive element-binding factor, P = 0.001) and Q. robur (GST; P = 0.054; and ABA-responsive element-binding factor, P = 0.053), although expression of the GST transcript was 3.6 times less, and that of the ABA-responsive element-binding factor was 3.7 times less in Q. petraea than in Q. robur (Figures 2f and 2g) . Except for the gene coding for the ABA-responsive element-binding factor, the other genes showed either an early or a delayed response to osmotic stress. Figure 3 shows the expression of selected ESTs as a ratio of the expression determined in Q. petraea to that in Q. robur. The oxidoreductase gene (Figure 3c ) had low expression in control Q. petraea plants compared with control Q. robur plants (P = 0.001) in which oxidoreductase gene expression increased continuously during the 72-h treatment period, reaching a much higher level of expression in Q. petraea (P = 0.002). The genes for thiazole biosynthetic enzyme (P = 0.01; Figure 3a ), LTP (P = 0.001; Figure 3b ) and BADH (P = 0.01; Figure 3e ) showed a marked response immediately after the onset of the osmotic treatment (1 h) in Q. petraea, but not in Q. robur, whereas in the latter stages of the treatment, the difference between species in expression of the thiazole biosynthetic enzyme and BADH transcripts was small. In contrast, a second peak of LTP expression (P = 0.02) appeared after 24 h in Q. petraea but not in Q. robur. The heat shock protein (Figure 3d ) and the ABA-responsive element-binding factor (Figure 3g) showed oscillating patterns, but there were no significant differences between species. Expression of the gene coding for GST also oscillated between species, but expression was significantly (P = 0.002) higher after 24 h in Q. petraea than in Q. robur. Although expression of the genes coding for oxidoreductase, BADH and GST was much lower in control Q. petraea plants than in control Q. robur plants, expression of these genes increased more in response to osmotic stress in Q. petraea than in Q. robur. Furthermore, when gene expression was high in control Q. petraea plantlets (e.g., thiazole biosynthetic enzyme and LTP), even greater expression levels were observed in response to the osmotic stress treatment (Figures 3a and 3b) .
Comparison of gene expression in Q. robur and Q. petraea
Discussion
Functions of genes isolated from tissue culture
We characterized 33 osmotic-stress-induced transcripts from tissue cultures of Q. petraea. Of the isolated ESTs, 85% were related to specific protein functions, whereas 15% (five transcripts) corresponded to expressed sequences of A. thaliana with as yet unknown functions. Forty percent (12 transcripts) of the gene products were related to general metabolic turnover, representing components of the protein-synthesizing and energy metabolism machinery. Genes encoding proteins of transcriptional control (2), proteins with general regulatory functions (2), as well as gene products related to cell organization (2), were exclusively found after 1 h of osmotic stress (Table 1). Endochitinase and mtN19 from the 2T library were not related to functional categories. Five of the remaining eight genes showed homologies to biosynthetic enzymes (3), one molecular chaperone and one enzymatic oxygen scavenger. The two putative oxidoreductases/oxygenases (1T12, 2T13) identified by suppression-subtracted hybridization exhibited no best local alignment (Lalign), whereas ClustalW revealed similarity of 2T13 to the 3′ region of 1T12 (data not shown). Therefore, 1T12 and 2T13 was considered to be different members of one gene family. One representative each for protein destination (ubiquitin-related), cytokinesis and transport facilitation was also annotated. Transcripts (Table 1 ) that have been identified as target genes for stress tolerance in other plant species include the glycine betaine biosynthetic enzyme BADH (1T62), factors involved in transcription control (dehydration-responsive element-binding protein 3 (1T31) (Kasuga et al. 1999) like GST (2T11) and heat-shock proteins (HSPs) (hsp80; 2T33). The BADH is one of the two biosynthetic enzymes of glycine betaine, which is frequently classified as a "compatible osmolyte" involved in osmotic adjustment because it accumulates in the cytosol of water-stressed plant cells. Bray et al. (2000) suggested that glycine betaine functions directly to prevent salt-induced inactivation of ribulose-bisphosphate-carboxylase and destabilization of the oxygen-evolving complex of photosystem II. Metabolic engineering of betaines to enhance plant tolerance to abiotic stresses led to improved tolerance to water stress in some transgenics although the results were species dependent and were diminished by limitation of choline supply to the chloroplast (Apse and Blumwald 2002) . Dc3 is a carrot late embryogenesis abundant gene that is expressed abundantly during somatic and zygotic embryogenesis. Although its expression is usually embryo-specific, it can also be induced by ABA. The basic leucine zipper transcription factors-DPBF is one representative-are members of the ABA-dependent signal transduction pathway that operates under high-salt and drought conditions (Uno et al. 2000) .
Both GST and HSPs have been targets for genetic engineering of stress tolerance in plants. The GSTs, which are multifunctional and may possess glutathione peroxidase activity, serve as effective scavengers of reactive oxygen species (ROS) by catalyzing the conjugation of reduced glutathione to electrophilic sites of H 2 O 2 as well as of organic hydroperoxides. Transgenic tobacco seedlings with elevated activities of GST and peroxidase were found to acclimate better to salt stress (Roxas et al. 1997) .
The HSPs, which respond to a variety of stresses and have been used as markers of the stress response (Feder and Hofmann 1999) , function as molecular chaperones that are involved in protein refolding and prevention of protein unfolding by, for example, ROS. Osmotic stress is always accompanied by oxidative stress, caused by ROS that damage macromolecules and thereby affect protein stability. The HSPs are required in the cytosol, as well as in chloroplast and mitochondrial compartments, to protect important functional units (e.g., oxygen-evolving complex of photosystem II, electron transport of mitochondrial complex I) against ROS attack. In some cases, engineered over-production of small HSPs has been associated with improved stress tolerance (Sun et al. 2002) .
Lipid transfer proteins can be induced by osmotic stress (Trevino and O'Connell 1998 , Seki et al. 2001 , Yubero-Serrano et al. 2003 and are involved in acclimation to water stress (Kader 1996 , Wu et al. 2004 . Although the in vivo function of LTPs has not been unequivocally demonstrated (Lindorff-Larsen et al. 2001 , Beisson et al. 2003 , it has been suggested that LTPs serve as plant defense proteins by activating defense responses, possibly by facilitating the formation of hydrophobic protective layers (Blein et al. 2002) . In vitro experiments have demonstrated that LTPs can transfer several classes of glyco-and phospholipids without specificity, thus they are also referred to as non-specific LTPs.
Members of the oxygenase gene family include genes coding for biosynthetic enzymes for stress-related organic compounds like ABA (Iuchi et al. 2000 , Thompson et al. 2000 and glycine betaine (Russell et al. 1998) . Two osmotic-stressinduced ESTs of oak were homologous (e -114 ; e -23 ) to the gene family of 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenases, a class of enzymes which is widespread in eukaryotes and catalyzes the oxidation of organic substrates using a dioxygen molecule. In plants, members of this family catalyze the formation of plant hormones (e.g., ethylene, gibberellins) and metabolites (e.g., flavones or anthocyanidins), the latter have been characterized as non-enzymatic oxygen scavengers (Cushman and Bohnert 2000) . Homologs within this gene family may be involved in regulation of RNA stability or DNA repair through controlled methylation and demethylation (Aravind and Koonin 2001) .
Differential gene expression between Q. petraea and Q. robur
A lower level of expression was found at 6 h than at 0 h for all the genes studied, which may be associated with the effect of circadian rhythm on gene expression. The 6-h samples were the only samples taken at 1700 h, and all the other treated samples were taken at 1200 h. However, relating gene expression in Q. petraea to that in Q. robur (Figure 3) showed that, under osmotic stress, down-regulation at 6 h was more pronounced in the Q. petraea genotypes than in the Q. robur genotypes (except for oxygenase and BADH; Figures 3c and 3e) than at any other sampling time.
Both species showed increased expression of the gene coding for thiazole biosynthetic enzyme after 1 h of osmotic treatment (Figures 2a and 3a) , but the response was significantly more pronounced for Q. petraea than for Q. robur (Figure 3a) . After this initial increase and a temporary decrease at 6 h, gene expression remained similar to that in the control plants, confirming that energy metabolism is not up-regulated by prolonged water deficit, as suggested by Bray (2002) . Similarly, the gene coding for DPBF, which is reported to participate in the ABA signal transduction pathway (Uno et al. 2000) , was not significantly up-regulated by osmotic stress (Figure 2g ). In the gene coding for DPBF, four mutations are known that are of great value for species differentiation (Scotti- Saintagne et al. 2004; I. Porth et al., unpublished observations) .
Osmotic stress simultaneously causes oxidative stress, resulting in adverse effects on important cellular functions. Accumulation of ROS can disrupt several steps of energy metabolism; it is important, therefore, for an organism to protect possible points of attack. Up-regulation of three genes (coding for GST, oxidoreductase and BADH) involved in scavenging and preventing ROS attack was observed only in sessile oak (Figures 2f, 2c, 2e and 3f, 3c, 3e, respectively) . Expression of the BADH transcript increased immediately in response to osmotic stress, suggesting immediate protection, whereas the genes coding for GST and oxidoreductase may have a greater role in the process of environmental adaptation.
The progression of gene expression for BADH (Figure 2e ) and oxygenase 2OG (Figure 2c ) differed strikingly between Q. robur and Q. petraea. The transcript for oxygenase enzyme was significantly down-regulated in Q. robur, whereas it was up-regulated in Q. petraea (Figure 2c ). Figure 3c indicates that, in the absence of osmotic stress, expression of this gene was much higher in Q. robur than in Q. petraea, whereas during osmotic stress, it increased steadily in Q. petraea. Based on the wide-range effects of the products of this gene family on various cell functions, we speculate that it plays an important role in the response of Q. petraea to osmotic and water stress.
Expression of the gene coding for the BADH enzyme, which catalyzed the synthesis of the osmo-protective molecule glycine betaine, was down-regulated in Q. robur, whereas it was up-regulated in Q. petraea (Figure 2e ). Although expression of this gene was lower in control Q. petraea plants than in control Q. robur plants (Figure 3e) , it showed an immediate (within 1 h) and marked response to the osmotic treatment in Q. petraea that was also evident after 24 h of treatment, whereas Q. robur made no such response, perhaps accounting for the different tolerances of these species to water and osmotic stress. The BADH expression profile (Figure 2e ) suggests that synthesis of glycine betaine is important both at the initiation of osmotic stress and during subsequent adaptation. Both putative functions of glycine betaine could contribute to the high osmotic stress tolerance of Q. petraea.
Expression of the gene coding for HSP was constant and similar in both species (Figure 3d ), except for a slight increase in Q. petraea after 24 h of osmotic stress treatment (Figure 2d) . Thus, HSP expression appears to follow the overall stress response.
Expression of the LTP gene, responsible for formation and reinforcement of plant surface layers, was rather constant in Q. robur compared with Q. petraea (Figure 2b ). The initial expression level in Q. petraea was high and after an immediate increase (1 h), it declined steeply between 1 and 5 h after the onset of the osmotic stress treatment and then increased strongly by 24 h. Expression of LTP is commonly up-regulated in response to water stress and may represent an important protective mechanism. The high expression of LTP in Q. petraea, which is adapted to dry sites, likely reflects species specificity in expression level.
We conclude that Q. petraea is better adapted to water stress than Q. robur because functions reportedly necessary for water stress tolerance were mostly up-regulated in Q. petraea, whereas the same functions were less responsive to osmotic stress in Q. robur. Our gene expression profiling data support the results of recent physiological studies (Ponton et al. 2002) and indicate: (1) the preference of sessile oak for well-drained sites, whereas pedunculate oak tends to occur on moist ground; and (2) the different sensitivities of these white oaks to drought, with Q. petraea being more drought tolerant than Q. robur.
